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TECHNICAL hlEMORANDUM 79174 

SOLID ROCKET BOOSTER THRUST VECTOR CONTROL 
SUBSYSTEM TEST REPORT (D-1) 

INTRODUCTION 

A thrust vector control (TVC) subsystem ITigs. 1 and 2) was installed 
in an MSFC test stand (Figs. 3 and 1) and tests run to determine the operational 
characteristics of the subsystem and its components. The tests were divided 
into groups or series according to the nature of the tests and the data to be 
obtained. Hot firings and GN2 spins of the auxiliary power unit (APU) were 
performed with both unloaded actuators and load banks. 

The W C  subsystem is composed of s i x  principal parts: the APU (Fig. 5), 
hydraulic pump, a fuel supply module, a hydraulic reservoir, a fluid filter mani- 
fold assembly, and an actuator (Fig. 6 ) .  The APU main components are the 
APU turbine, fuel pump, primary and secondary valves, gas generator, and 
gearbox. Except for the APU, ground test hardware (not flight hardware) was 
used with the various components and fixtures either being manufactured by 
MSFC or  procured from vendor sources. 

The subsystem was subjected to 30 hot firings for a total of 2971 s of 
operation: 21 load bank tests (Table 1) lasting 1960.5 s and 9 unloaded actuator 
tests (Table 2)  lasting 1010.5 6. In addition, there were 14 GN2 spin tests 
(Table 3) for the load bank lasting 1559.5 s and 3 GN2 spin tests (Table 4)  for 
the unloaded actuator lasting 486.5 6. Of the 2 1  load bank tests, 12 were 
completed, 2 here terminated before completion, and 7 tests were terminated 
in  the 2arly stages. Of the 9 unloaded actuator tests, 6 were completed, 1 was 
terminated bfore  completion, and 2 were immediately terminated. 

Fifty-eight measurements were recorded i n  the load bank tepts and 
71 were recorded for the unloaded actuator test. In the 58 readings, there 
were 17 pressures, 15 temperatureR, 8 signal positions, 8 flows, 4 accelerations 
and acoustics, 2 winds, I turbine speed, and 3 calculated values. In the 71 
readings, there were 26 pressures, 19 temperatures, R signal positions, 8 flows, 
3 actuator input currents, 2 winds, 1 turbine speed, I actuator piston position, 
and 3 calculated values. It is important to note that some of these parameters 
were active during testing, but did not register any signiiicant readings. 
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In summary, the results obtained from the tests were not considered 
completely satisfoctory because of the questionable opcration of the A P U  fuel 
pump. They should be better, however, when an improved pump is installed 
i n  the subsystem. 

It should also be noted that thc majority of the load bank tests performed 
on the subsystem were severe compared to the actual flight conditions. (This 
action explains for example the high hydraulic fluid temperatures and varying 
hydraulic pressures obtained from these tests . ) 

1 1 .  HISTORY OF HOT F I R I N G S ~  

A. Load Bank Tests 
Test  PO37-005 (Hot Firing 1) was conducted successfully on July 15, 

1976. The purpose of this test was to verify the hardware and software and 
their functioning. The test duration was 4.4 s. No anomalies occurred during 
testing. 

Test  PO37-007 (Hot Firing 2) was conducted successfully on July 21, 
1976. Again, the purpose of this test was to verify the hardware and software 
and their functioning, although on a more extensive basis then Test  PO37-005. 
Beginning with this test, the fuel tank was subjected to a pressure decay (the 
change for this test was 12 psi). The test duration was 20.3 s .  No anomalies 
occurred during testing. 

';est PO37409 (Hot Firing 3) w3s conducted successfully on July 23, 
1976. The purposo of this test was to subject the A P X J  1 - 1  a nominal mission 
profile to verify the subsystem's control. The test duration was 146 s. This 
was the f i rs t  complete test performed during the firing sequence. N o  anomalies 
occurred during &sting. 

Test  PO37-010 (Hot Firing 4) was conducted on July 27, 1976. This test 
consisted of a series of fir'ngs to establish a pattern of steady-state data by 
programming constant flow steps (i.e., the hydraulic flowrate would be constant 
for a period of 10 s before a change would be conducted. This would be done on 
several flowratcs during testing). The following steady flows were achieved 
during testing: 3.7, 7.2, 23.2, 45.7, and 59.1 gpm. The test duration was 
146 s. No difficulties were encountered during testing. 

1. Appendix B contains additional data on hot iiring hydraulic flowrates. 
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Test  PO37-011 (Hot Firing 5), conducted on July 29, 1976, was the 
second test in  the ser ies  of steady-state performance tests and was the f i rs t  
attempt to reach maximum APU horsepower. The maximum hydraulic flowrate 
was 59.4 gpm, and the maximum APU horsepower encountered was 124. The 
fuel consumed during this test was 1.55 gal and the time duration of the firing 
w a s  146 s. No difficulties were found during testing. 

Test  PO37-012 (Hot Firing 6) was conducted on July 30, 1976. This test 
w a s  part of a series of test firings to obtain steady-state data and maximum 
horsepower. The maximum hydraulic flowrate achieved was 45.2 gpm and the 
maximum APU horsepower was 94. Fuel pump diwharge ?wl gas generator 
pressures  reached maximum values (1390 psi and 1200 psi, respectively) for 
all the 100 percent turbine speed tests made. The amount of fuel consumed 
during this test w a s  1.61 gal, and the duration of testing was 146 6.  The data 
showed no indication of problems during firing. 

Test  PO37-013 (Hot Firing 7) was coriducted on August 4, 1976. The 
purpose of this test was to attain stead -state performance and maximum APU 
horsepower. However, the test was terminated after 4.3 s because of low lube 
oil pressure. A t  cut-off time, the madnium pressure reached was 9 psig; the 
minimum cut-off value was 10 psig. 

Test  PO37-014 (Hot Firing 8) was also conducted on August 4, 1976. 
The purpose of this test was to achieve steady-state performance and maximum 
APU horsepower. The test was terminated after 4.3 s because of low lube oil 
pressure (9 psi) . 

Test PO37-015 (Hot Firing 9) was also conducted on August 4, 1576, 
becoming the third firing performed on the same data. The purpose of the test 
was the same as for previous tests (to attain steady-state performance a d  
maximum APU hor opower) . This time, the test was successful. The r..sxi- 
mum hydraulic flowrate attained wa ; 55.9 gpm and the maximum APU horsepowc:r 
was 113. Fuel consumed for this test was 1.94 gal. The increase in temperature 
for the hydraulic reservoir was unusually high with a 4G°F change. The duration 
of testing was 146 6 ,  There were no major problems encountered during firing. 

Test  PO37-016 (Hot Firing 10) was conducted on August 11, 1976. The 
in ten t  was to run a steady-state performance data test which would attain maxi- 
mum A P U  horsepower, but the test was terminated after 62.9 s because of low 
hydraulic load bank flowrate. 
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Test PO37-020 (Hot Firing 11) w a s  conducted on September 9, 1976, as 
part  of the sequence of steady-state data and maximum APU horsepower firings. 
It was terminated after 4.3 s of run time because of low lube oil pressure. The 
pressure reading at cut-off time was 7 psig (below the minimum of 10 psig) . 

Test  PO37-021 (Hot  Firing 12) w a s  conducted on September 9, 1976. 
This test is also part of the same sequence of steady-state data and madmum 
APU horsepower firings. It was run for 128 s and was terminated because the 
fluid level i n  the hydraulic reservoir was too low. ThL reservoir pressure 
change during testing was too high (12.5 psi), presenting a maximum value of 
77 psig and a minimum value of 64.5 psig. However, the test w a s  conducted 
with enough time to record sufficient data of constant flow conditions. The 
maximum hydraulic flow was 69.9 gpm and the maximurz APU horsepower 
recorded was 141. Fuel consumed during the test was  2.12 gal. The only other 
problem during the test w a s  the interference "rioise" recorded by the flowmeter. 

Test PO37-023 (Hot Firing 13) was conducted successfully on September 
4, 1976. The test had the same objectives as the previously mentioned tests. 
This time, the data indicated that the behavior of the system was good throughout 
the entire test. The only problems noted were the excessive time for the primary 
valve to open (3.277 s) and the minor mise recorded by the flowmeter. Hydraulic 
reservoir  pressure was low at high flowrate (63.5 psig) . The maximum hydraulic 
flow was 68.1 gpm and the maximum APU horsepower was 137. The fuel con- 
sumed during this test was 2.13 gal, and the time duration of the firing was 
146 s. 

Test  PO37424 (Hot Firing 14), conducted successfully on September 17, 
1976, w a s  the first and only test which exxuted  the backup mission for the 
entire (1.10 percent turbine speed) firing. It was also the last steady-state 
performance and maximum APU horsepoNer test performed. Al l  components 
appeared to perform satisfactorily. The data showed the effect of the tes , 
mainly in the pressure readings. The maximum hydraulic flow was 72.8 gpm 
and the maximud.. A P U  horsepower registered was 150. The fuel consumed 
during r*-q time was 2.23 gal, and the time duration was 146 s. Again, the only 
problem encountered was the noise recoraed by the flowmeter. 

Test PO37-026 (Hot Firing 15) was conducted on September 23, 1976. 
The purpose was  to expose the APU to a ilominal mission profile for an extended 
duration of 300 s. The test was cut off after 239 s of run time because of high 
lube oil pressure (40 psi, the upper limit for cut-off purposes). Although the 
main objective of the test  was not accomplished, sufficient data were recorded 
on which other analyses could be based. The temperature readings were high 
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on most of the components because of the long duration of the test. Again, as 
in  Test PO37-024, the flowmeter recorded significant noise. The fuel consumcd 
during the firing was 3.05 gal. 

Test PO37-032 (Hot Firing 16) was conducted on September 29, 1976. 
The purpose of this test was to observe the operation of thn TVC subsystem on n 
backup mission profile. However, the test was terminated bccause of low lube 
oil pressure (approximately 10 psi at cut-ff) . The data also showed degrada- 
tion i n  the performance of the APU fucl pump. The turbine speed experienced a 
very low rpm value (59 000) before cut-off and the test duration was 10 S .  

Test PO37-033 (Hot Firing 17) was conducted on October 1, 197G. The 
purpose of this test was to evaluate the A P U  fuel pump performance. No prob- 
lems were experienced during lesting, but the data showed low performance of 
the A P U  fuel pump. The fuel pump valve remained open too long (-1.414 s) . 
The madmum. fuel pump discharge pressure was  low, achieving a high value of 
only 1275 psig. The gas generator temperature reached a maximum value 
(1312'F) for all testing. The fuel consumed in this test was 2.29 gal, and the 
test durz'ion was  147 s. Table 5 shows over:ill A P U  system performance during 
the test. 

Test  PO37-036 (Hot Firing 18) , conducted on September 6 ,  1976, was 
run with a low hydraulic reservoir level and n constant fuel supply module 
pressure (approximately 400 psig) . S m d l c r  increases were observed i n  the 
hydraulic reservoir, hydraulic load bank return, and hydraulic pump discharge 
temperatures because of the reservoir lcvcl. The fucl consumed was 1.2 gal. 
A f t e r  the test, some hydrazine leak;,c from thc FSM was noted. The c'sta 
indicated only minor problems during the firing. 

Test 1'037-037 (Hot Firing 19) was conductcd on Scptcmbcr H, 197G. 
This test was cc*iducted with the hydraulic pump c:isc drain line blocked. The 
firing was t c .  .nin:itcci after 11 s of run time becmsc of low lube oil pressure. 
(The pressurc reading was barely 10 psig, thc minimum cut-off value.) 

Test  P037-03% (Hot Firing 20) W:IS conduckd on September X, 197(i, 
again with the hydraulic pump casc d r d n  line bloclicd. The firing was  terminntcd 
after 11 s of run time because of low lubc oil prcssure. (The pressure readinl: 
was 10 psig, thc minimum cut-off value.) 



TesCPO37-039 (Hot Firing 21) was conducted on September 8, 1976. 
Again, this test was conducted with the hydraulic pump case drain line blocked. 
This time, the firing was completed with fer problems. The hydraulic pump 
caw drain temperature remained constad throughout the entire test and the 
hydraulic reservoir, hydraulic load bank, and hydraulic pump discharge tem- 
;xmtures were again smaller i n  this Fring than in  previous oms. The fuel 
eo~l~umed was 1.2 gal, and the time duration was 146 s. 

B. Unloaded Actuator Tests 
Test PO37441 (Hot Firing 22) was conducted on November 2, 1976. 

The purpose of this test was to observe thrt subsystem's response to sine wave 
inputs. However, the test was terminated &r 11 s of run time because of the 
low hydraulic reservoir level. 

Test p037-042 (Hot Firing 23) w a s  conducted on November 2, 1976. 
Again, the purpose of this test was to observe the subsystem's response to sine 
wave inputs. The test was terminated after 12.5 s of run time because of the 
low hydrauliz reservoir level. 

Test pO37-044 (Hot Firing 21) was cuiniucted on November 4, 1976. 
Again, tbe purpose of this test was to observe thc subsystem's response to sine 
waw? inputs. The data gathered from this successfully completed test showed 
signs of good system behaviw. The actuator inlet and outlet pressures showed 
some variations, but they were very few. Some hydraulic temperature increases 
(pump case drain, pump discharge) were smaller than usual. The test duration 
was 146 s. 

Test PO37446 (Hot Firing 25) w x .  conducted on November 11, 1976. 
T h e  purpose of this test was to observe thc subsystem's response to square wave 
inputs. The actuator's inlet and outlet prcssure 1 ~ ~ ? i f n g s  showed some varia- 
tion. The total actuator movement was 79.9 in., the fuel consumed was 1.05 gal, 
and the time duration of the test was 146 s. No major problems were encountered 
during testing. 

Test W9-047 (Hot Firing 26) w a s  conducted on November 17, 1976. 
The purpose 01 &is test was to observe the subsystem's response to triangular 
wave i:lputs. The triangular wave inputs caused SOFIC of the hyciraulic tempera- 
t u r e s  (pump discharge, load bank return, and rescrvoir) to increase more than 
usual. The actuator measurc.ntents revealed increased variations both i n  the 
inlet and outlet pressures, nnd the tcmper3turc increase of the actuator was 
greater tJ?an usual, :'he ! h e  duration for th is  test was 14G s, and the data 
gathered indicated no mxjor difficulties occurred during testing. 



Test PO37448 (Hct Firing 27) was conducted on November 19, 1976. 
The purpose of this test w a ~  to observe the subsystem's response to sine wave 
inputs. Some temperature increases were unusually higher (i. e., gas generator 
and lube oil temperatures, and i n  the hydraulic system: pump discharge, pump 
case drain, load bank, and reservoir temperatures). The data indicated sig- 
nificant variations in the actuator inlet and oritlet pressures (the most significant 
recorded i n  all the unloaded actuator tests) . The increase in temperature in the 
actuator was also greater than in any other test. The test  duration was 146 s. 
No major problem occurred during testing. 

Test PO37449 (Hot Firing 28) was conducted 0% November 24, 1976. 
Again, the purpose of this test was  to observe the subsystem's response to sine 
wave inputs. The readings obtained were favorable (Table 6 )  . The actuator 
inlet and outlet pressures showed some variation although not as significant as 
i n  Tests PO37447 and PO37-048. The total actuator movement during the test 
was 56.86 in., the fuel consumed was 1.1 gal, and the time duration was 146.5 S. 
No anomalies occurred during testing. 

Test PO37-050 (Hot Firing 29) was conducted on December 1, 1976. 
The purpose of this test was to observe the subsystem's response to sine wave 
inputs, however, this time with a hydraulic accumulator added. The readings 
indicated favorable operation of the subsystem during firing. The actuator inlet 
and outlet pressures decreased more in magnitude of variation than in  Test 
"037-049. This decrease is attributed to the accumulator. The total actuator 
movement was 54.02 in., the fuel consumed was 1 gal, and the test duration 
was l 4 i . S  S. No difficulties were encountered during testing. 

Test  PO37451 (Hot Firing 30) was conducted on December 1, 1976. 
The purpose of this test was to observe the subsystem's response to square wave 
input and the hydraulic accumulator added in Test P037-050. The test  was  
terminated aftc-. 110 s of run time because of a malfunction in the actuator 
control tape. However, the duration was long enough to gather information on 
the behavior of thc subsystem with the accumulator added. The readings showed 
good system opcration, and because of the accumulator the actuator inlet m d  
outlet pressure measurements showed a diminishing effect in magnitude of 
variation. T h e  total actuator movement was 26.9 in., and the fuel consumed 
was 0.74 gal. 
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1 II. ANALYSIS AND DESCRI PTION OF OPERATING 
CONDITIONS ON THE APU SYSTEM 

COMPONENTS DURING TESTING 

A. Turbine 
There were few problems encountered during the Apt1 turbine tests. 

However, it should be noted that the speed band (variation in speed) for the 
turbine was greater than the allowable v d u c  of t 5  percent at a normal duty 
cycle. This variation, noticeable in the last series of tests, was caused by a 
degraded fuel pump. 

It was also observed that at low hydraulic horsepower, the turbine speed 
was high, but the speed b d  was sniall and as the horsepower increased, the 
turbine speed decreased while the speed band increased. This tehavior was 
common to a11 tests. 

During all the tests, the APU turbine speed had n characteristic accelera- 
tion time of 2. G s for the period between startup and 72 000 rpm (100 percent 
syeed) 

Tables 7 and 8 give some of the more important moasurements to be 
considered when comparing the turbine against given tolerances. Table 7 gives 
the maximum and mininiuni turbine speed obtained for all the tests, divided 
according to the nature of the Orings: load bank (100 and 110 percent speed) 
and unloaded actuators, with their respective speed bands (deviation from the 
nominal value) and the condition a t  which these extremes occurred. Table 8 
gives the maximum ~IKI minimum turbine sped  at a normal mission for each 
test. This table includes the speed band for the spccd given and the average 
horsepower for the program run. 

6. Primary Fuel Valve 
I. Valve Openings. Figure 7 shows how certqin parameters vary before 

the vdvc is opened, while i t  is opeiling,nnd while it is closing during a typical 
test. This figure gives a pictorial rcprcsentntion of thc Sehavior of fuel pump 
inlet and discharge pressures, fuel valvc bypass pressure, and gas generator 
pressure. The fo1:owing is a listing of vnlues considcrcd import:mt and were 
derived from the tests when de termining  thc effects of prrssure  on valve 
openings: 

A 



a. Maximum fuel pump discharge pressure - 1110 psig 

b. Fuel pump inlet pressure 

1. Nominal - 385 psig 
2. Minimum - 295 psjg 
3. Blaxlmum - 540 psig 

c. Fuel valve bypass pr >sure 

1. Nominal - 375 psig 
2. Minimum - 265 psig 
3. Mazdr.um - 625 psig 

d. Time duration of valve opening - 0.275 s. 

2. Valve and Hvdraulic Pump Outlet Pressure. Figure 8 shows the 
behavior 01 the hydraulic pump outlet pressure as the primary fuel valve opens 
and closes, comparing the pressure band and primary valve openings for 
different flowrates and time spans of the same test. 

A s  can be seen from the figure, for early stages of the test, when the 
hydraulic flowrate is increasing, outlet pressure has a band form that shiinks 
when the valve opens and enlarges when it closes. During this test, a change 
in  the previous pattern was noticed - the b'and enlarged 3s the valve opened and 
shrunk as it closed. This condition was common for all t es t s  examined at 
decreasing hydraulic flourntes. There is no specific explanation for this 
behavior. 

3. V d v e  Openings and Horsepower. Figure 9 is n curve showing the 
percent of time the ialve Is open a t  m y  hydraulic horsepower. The percentage 
of time the valve is open is taken by dividing the time the valve is open by the 
time between consecutive valve openings, for t l ~  same period of time. Figure 
also shows a band of dl those curvefi plus a line showing the average behavior 
of all tests. As can be seen from the figure, the relation is linear for most of 
the points (except for those points located at high hjdraulic horsepower, where 
a variation is found). An interesting point to note is the values for this bmd 
become more v.irizble with an increase in hydraulic flow (and, consequently, 
with an increase in hydraulic horsepower). 
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If the curve of Figure 10 I s  compared to the curve of Figure 9, i t  can be 
seen that for Test PO37424 the percentage of time openirgs is lower at the same 
hydraulic horsepower for all points, except at very low flows in which thc curve 
comes within the imundnries of the drawn band. 



During test operations, several unusual occurrences involving the opera- 
tion of the valve were observed, For  example, during Test PO37-015, it 
appwired that the valve tried to preniaturely open. This occurrence WM also 
observed at low flowrates both at the beginning (few seconds after startup) and 
at tlic end (before shutdown) of tlie test program. N o  explanation for this 
~ I I O J I  .aly can be given. 

It was also noted that on  all hot firings 'after Test PO37-015 the valve 
st .:;ed open too long when compared to previous tests. The reason for this was 
thc inability of the fuel pump to ca r ry  the load (HP) required by the tests at 
those specific moments. Table 9 gives a comp'arison of valve opening times 
sctl(*cted from steady flow data, and Table 10 gives thc number of valve openings 
for the load bank and unloaded actuator. 

C. Fuel Pump 
The faulty operation of the fuel pump during this series of tests was the 

most serious problem encountered. It affected the pump discharge pressure 
and \he other APU components such as the g,as gencr:itor and the fuel valve as 
previously stated. It w,s  also partly responsible for the failure (termination) 
of Test PO37-032 and the results in the last tests of the load bnnk series. 

Another important point to note was the decrease in pressure i n  the 
sequence of tests following Test PO37-012, both on the highest and lowest Yalues 
.I worded on each tcst for the discharge (Table 11). The higher values are 
f*,und at high flow regions and the low values arc found on low hydraulic flows, 
u 511311:r nt the end c.f the tcsts. A similar behavior was found in the pressure 
incrcase that 0' :urrcd ;is the fuel (hydmzinc) traveled through the pump. 
Be@ .ining with Test PO37-012, these values diminished lhroughout the remainder 
of thc firings. It was also noted that the largest increases occurred ;it high 
flowrates after the test started. An exccidion was Test PO37-024 (110 percent 
speed), which registc red the highest recorded niaxinium discharge pressure 
(145U psih) for all the tests. An average of the pressures obt.2incd in Tests 
PO37-4; 1 and 026 ( 1:'1?. 5 psig) when compared to the value for Test P037-024, 
repret:cnts an int rr+ase of 10.4 percent. The teniprature  of the fuel pump 
increased onl:r slightly (an average of 7°F)  throughoul all the tests. The biggest 
increase v:"~ worded in Test 1'037-04(; (unlo:idcd actuator step wave input) 
with 12°F. The increase i n  tcnipcraturc continucd long aftcr the test  was 
finishnti. 



From Figure 11, it can be seen that for later firing69 the degradation of 
the fuel pump was less significant as the pressure changed. In Test P037-024 
(110 percent turbine speed), the sequence did not repeat. In fact, the change 
in pressure was greater than for any previous test. However, for the remainder 
of the test se-ies (Tests P037-02G and 033) , the sequence did follow the normal 
pattern. The curves of Figure 11 also show the behavior of the change i n  
pressure at different hydraulic flows for each test. (All values were taken at 
constant flowrate and each curve represents a single test.) 

D. Gas Generator 
The operation of the gas generator is related to the operation of the fuel 

pump. (The maximum pressure obtained during a test occurred at high flowrate, 
but diminished as the tests were put into sequence. ) Table 12 gives the rec - rd- 
ing of the highest maximum pressure for the given tests. As can be seen frbm 
the table, all diminished in sequence except for Test  PO37424 (110 percent 
turbine speed), which had a n  increase of 9.7 percent comp;lred to an average 
obtained from Tests PO37-023 and 026 (1132.5 psig) . This increase compares 
favorably for the increase i n  turbine speed of 10 percent. The average increase 
in temperature for a load bank test was greater than for unloaded actuator tests. 
For load bank tests, the average increase was 1043OF, and for unloaded actuator, 
the average increase was  859OF. The highest temperature recorded occurred in  
Test PO37-023 (1312OF). The largest increase in  temperature (1106OF) was 
also recorded in this test. Figure 12 shows the relationship of gas generator 
temperature and time for Test PO37-021. 

E. Lube Oil and Gearbox 
Low lubc Qil pressure was the cause of most of the cut-offs during the 

firing period. Six out of seven tests were terminated a t  the beginning for this 
reason. In all these firings, the pressure was below the minimum prepro- 
grammed permissible value. One test was terminated after 239 s of run time 
because the pressure reached the highest permissible value i n  the program 
(40 psig). However, after 146 s of firing, the lube oil pressure showed a 
reading of 2G psig which could be considered normal. No unloaded actuator 
test  was terminated because of the lube oil pressure. 

The average pressure increase during testing was 24 psi for actuator 
tests and 25 psi for load bank tests. The normnl pressure reading after 4 s of 
operation was 14 to 15 psig for the test completed. 
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Figure 13 shows a comparison between a complete test (PO37-023) and 
a firing terminated by low lube oil pressure (PO37-038). Test PO37-038 shows 
the normal behavior in lube oil pressure for a test having ear ly  termination. 
Note the downward effect of the pressure in  this graph because of low lube oil 
flow and that the pressure w3s  not as high as a common complete test after 2 s 
of firing because of the inchncd path of the curve. This  w a s  the normal pattern 
for most of the terminated tests; i.c., the prassure would increase over the 
lower permissible value, then start  decreasing until it reached 10 psig and 
cut-off was performed. 

In te rms  of temperature, the average increase for the load bank tests 
was 139OF and the greatest increase was 271°F (Test  PO37-026). The highest 
temperature achieved during testing was also recorded on ?'est PO37-026 (343OF) . 
The average change on the unloaded actuator test was 120°F. The starting 
temperature of the lube oil w a s  ambient or near ambient conditions. Figure 14 
shows the normal curve for lube oil temperature. Although Test  PO37421 was 
terminated a€ter 128 s of operations, the temperature measurement obtained 
was considered satisfactory. 

The behavior of gearbox parameters are closely related to the behavior 
of the lube oil parameters. For example, the pressure increase during a typical 
test was 6 psig for  the load bank program and 5 psig for the unloaded actuator 
program. Only Test PO37426 (extended duration test) showed a significant 
difference (i.e., an increase of 17 psig) which was probably due to the extended 
t ime duration. The pressure change was normal at the end of 146 s, but then 
suddenly increased. 

F. Hydraulic Pump 
The average hydraulic pump outlet pressure recorded at the beginning of 

testing was 3166 psig. The lowest pressures were registered at high flowrates 
where an average of 2984 psig was obtained. The lowest pressure for high 
flowrates was 2705 psig (Test D037-021) and the highest outlet pressure 
registered during testing at high flowrates was  3137 psig (Test W37-026) . 
In fact, the high flowrate region was unstable in terms of steady-state because 
the pressure changed considerably. Although high pressures  were obtained at 
the beginning, the highest recorded pressures were located at the end of the 
tests. Fo r  example, a value of 3210 was commonly recorded for low hydraulic 
flowrates, and the highest pressure for 311 tests under the same condition was  
3235 psig, 
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The pump outlet pressure oscillograph reading had the form of a pressure 
band (this was due to the pumping effect), which showed variations in size during 
a regular valve opening. These variations have a direct relation to the two mafn 
steps that occur while a valve undergoes an opening (open and close phases) 
becmse the low ripple dways appeared at the end of a valve opening. However, 
this only occurred during the interval when the hydraulic flowrate increased in 
steady-state steps. This process reversed when the flowrattc started decreasing; 
that is, now the high ripple appearec' at the beginning and the low ripple appeared 
a t  .hc end. Figure 8 illustrates this behavior by comparing the location of the 
r i p p k  aL different flowrates and time in  a single test. 

Table 13 presents the behavioral data of the ripple found in tile oscillo- 
graph recording in  terms of band pressure. This band had places where it 
enlarged and places where it shrank, indicating that its pattern of behavior was 
dependent on the hydraulic flowrate (Table 11). For example, small low ripples 
were found at the beginning and end of the tests at the low hydraulic flowrates, 
while large low ripples were characteristic of the highest or near highest now- 
rates [except for Test PO37424 ( 110 percent turbine speed) ]. Also, small 
high ripples are a characteristic of low flowrate at the end of the tests, while 
larse ripples are often found in the period where the hydraulic flowrate is 
inc ,asing near the highest flowrates. In some cases, large ripples are found 
at the maximum flowrate of the test. 

The hydraulic pump outlet pressure showed a direct relationship to the 
hydraulic flowrate variations. Figure 15 shows the general trend in this 
behavior. In almost all cases, the pressure incrcnsecl as the hydraulic flowrate 
decreased. In Test PO37-012, the pressure stayed approximately the same up 
to 32.5 gpm, then decreased slightly; .dter reaching 43.2 LTrn the pressure 
increased again (this increase is not common). In Test PO37-015, an increase 
in  pressure occurred after 49.6 gpm of flow. In Test P037-024 (110 percent 
speed) an i n c r r w e  in pressure occurred ,after (i.4 gpm; however, the pressure 
decreased again when it reached a flowrate of 23.7 gpm. Also from Figure 15, 
sharp decreases can be seen at very high flowntcs in Tests  PO37421 and 023 
(at  flows over 67 gpm) . 

One point of interest was the strange behavior of the pump outlet pressure 
at high hydraulic flomatcs. This bchwior is graphically shown in Figure 16 
whcrc in the period between 65 and 105 s of opcrntion, the pressure underwent 
sudden increases and decreases (up to 500 psi of change) that did not occur at 
any other interval in the s'me test. This unstable region appeared only at high 
hydroiA1c flows (niarl<cd in the figure). It is intcrcsting to note the contrast 
in the behavior of the outlet pressure h t w c n  this interval -.nd other time inter- 
vals in the test and the tcndency of the pressure to StiIy constnnt at low flows. 
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The variation in pressure in the hydraulic pump also affected the hydrau- 
lic reservoir pressure. 

In the tests performed, the greatest increase in  temperature occurred 
in the load bank tests with an average increase of 120" F through a regular 146 s 
mission. Test PO37426 registered the greatest increase in temperature ( 180° F) 
and the highest temperature recorded in  any test (249°F) . In the unloaded 
actuator tests, the average increase i n  temperature was  approximately 25"F, 
the difference in the temperature increment being due to  the nature of the tests. 
Only Test PO37-048 recorded a significant change in temperature (an increase 
of 82°F) ; but, again, it was small compared to the average increase i n  the load 
bank set. 

It is important to note that the high temperatures and large pressure 
variation were caused by the severe conditions under which the test was per- 
formed and does not indicate that the subsystem did not work properly. In fact, 
the high temperatures registered during testing served to prove the subsystem's 
capability to resist heat. 

G. Hydraulic Reservoir 

Pressure in the hydraulic reservoir varies with the hydraulic flow in the 
same manner as the hydraulic pump outlet pressure. The higher the flowrate, 
the lower the pump outlet and reservoir prcssure. The highest registered 
pressure was 77 psig (Test PO37-021) and the lowest rcgistered pressure w a s  
63.5 psig. The greatest drop in pressure at any constant flowrate was recorded 
in Test PO37-021, which terminsted because of low hydraulic reservoir level 
after 128 s of run time (Fig. 17) , 

The greatest change in temperaturc in the first series of tests was 
recorded i n  Test ,'O37-015 (46°F load bank) and Tcst PO37-026 (37OF extended 
duration). The highest temperature was registered in Test PO37-015 (129'F) . 
The high temperatures observed in thc firings are a result of the severe load 
input in the system, In the unloaded actuator tests, thc greatest change (85°F) 
and the highest temperature (144°F) was  rccordcd in Tcst PU37-048 (sine wave 
input). The high temperatures in  this tcst wcrc c:iuscd by the severe actuator 
program that was used. 

Figure 1% shows the behavior of the tcmpcrnturc as time progresses for 
three different tests: Tests PO37-016 and 021 (load bnnk tests) and Test 
PO37449 (unloadcd actuator test). Thc curve rcprcscnting Test PO37-049 r.hows 
the aver'age increase, and t he  curves rcprcscnting Tcsts PO37-015 and 021 show 
the extremes. 
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H. Fluid Manifold Assembly 
Tho only measurement taken in  the fluid manifold assembly was the 

hydraulic ..,anifold return pressure which showed variations during testing 
caused by changes i n  hflraulic flowrates. These variations were more sipnifi- 
cant for tests where the flow was subjected to many abrupt changes, such as 
found in Test P037-033. However, an exception was Test P037-036. Generally 
speaking, for a load bank test the average pressure change was approximately 
10 psi; however, it always returned to the baseline pressure (approximately 
73 to 77 psig) , Few changes were observed i n  Test PO37-036 which recorded 
an almost constant pressure of approximately 74 psig. 

1. Fuel Supply Module 
Two categories of tes ts  were performed using the fuel supply module 

as a basis. The first category included dl the tests in which the fuel supply 
module was subject to pressure decay and the second category included all 
tests on which the fuel tank pressclre was constant. 

All hot firings from Test  PO37-007 to PO37433 inclusive were in the 
first category and the rest were i n  the second category. The change i n  pressure 
was directly related to the fuel consumed during the test and to the duration of 
the firing. The greatest pressure decay was rej$&ercd in Test  PO37-026 
(extended duration) , The change in pressure i n  this test totaled 128 psi, The 
average initial pressure for the first category was npproximately 390 psig and 
for  the second category was approximately 400 psig. For dl tests, the tempera- 
ture stayed constant and near ambient. 

J. Actuator 
The actuator pressure readings show a short period (depending on the 

mission ordered) of constant nominal pressure, followed by a period (usually 
shorter  than the first) of e t a t i o n  where the pressure increased to 8 high value 
i n  an abrupt manner, very similar to a pulae. This occurred every time the 
actuator moved, and the magnitude of it depended more on the length of the 
movement performed and the length of the intcrval depended on the type of 
signal movement ordered in the test. This pulse appeared in  all the pressure 
measurements in the actuator, with thc magnitude of the increase having a 
greater effect on the outlet pressure than on the inlet pressure. 
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The fluid accumulator was added in Tcsts PO37-050 and PO37-051 to 
reducz the effect of the actuator movement on the actuator pressures. The 
fluid accumulation reduced the magnitude of the pulses that formed ,as a result 
of this movement and in some cases eliminated or almost eliminated this 
undesirable behavior. 

Three types of signals were used on the ;ictuntor :ind c;ch test was 
progr.unmed with only one signal. The signal inputs uscd wcrc square wave, 
sine wave, and triangular wave. The following listing gives a correlation of 
th? test performed to its corresponding sigiial input: 

I 

Tcst  No. Signal Used 

PO37444 Sine wave 

PO37-046 Square wave 

PO37-047 Triangul ar w :ive 

PO37-048 Sine wave 

PO37-019 Sine wavc 

PO37-050 

PO37-051 

Sine wave (with hydraulic accumulator) 

Square w : i w  (with hydr:iulic accumulator) 

The aver:ige nominal interface inlct pressure of the nc*tu:itor for d l  tests 
w a s  approximately 3194 psig. Throughout all thc tcstc, thc prcviously mcn- 
tioned variations in prcssurc were recorded, both positivc ( increasing pressure) 
and negative (deercasing pressure) . These positivc :ind ncg:ntivci actuator movc- 
mcnts dcpcnded on the frcqucncy and amplitudc of thc x t u a t o r  displacement. 
These varixtions were much lower in magnitude :ind in some inst.wccs 
disappeared during Tests PO37-050 and 051 (thc fluid accumulator was added 
in both tests). Viriations showing a greater magnitude were observed in  Test 
PO37-048 as a result of the severe actuator niovemcnt to which the system was 
subjected. This test also showed an unusually low pressure recording (2129 
psig) due to the severity of the mission run. Only OM? tcst  deviated slgnificantly 
from the average nominal interface inlet prcssure (Tcst P037-044). The 
nominal pressure value for this tcst watt 3206 psi o r  12 psi greatcr + h m  the 
average nominal pressure. 

The behavior of thc intcrf:icc outlet prcssurc is directly rclntcd to that 
of thc inlet pressure. Every chmgc in the inlct prcssurct is d s o  rcflcctrd in  
the outlet pressure. Thc nomind pressure during testing varicd from 72  to 



77 psig (an average of approximately 75 psig) . The greatest variation in 
pressure occurred during Test PO37-047, but the test with the longest agitation 
period was Test PO37-048. This was due to the mission program (the actuator's 
movement is accentuated by sine wave inputs) . The last tests (PO37-050 and 
051) showed less variation in  the nominal value, although the variation in the 
agitation poriods w a s  approximately the same and the calm periods were more 
constant . 

The average nominal actuator inlet pressure was approximately 3156 psig. 
Al l  of the tests recorded pressures  near this value except Test PO37-048, which 
had an average pressure of 3100 psig. The varlations in this test were greater 
i n  magnitude but the same in length when compared to similar readings (e. g., 
interface inlet pressures)  . The lowest pressure recorded for Test PO37448 
was 2029 psig, and the data showed large periods of agitation for this n::~asure- 
ment (even where not expected). Tests PO37-046, 047, and 049 showed varia- 
tions, but they were not as significant as those of 048. In Tests PO37450 and 
051 these variations stilt Occurred, although to a lesser  extent than in  previous 
tests but showing more agitation than in similar readings (e.g., interface inlet 
pressures)  . 

The behavior of the inlet and outlet temperature in the interface showed 
a direct relationship. Temperature changes (increases) occurred in  the incoming 
fluid but these increases were not related to actuator movement. That is, there 
was no significant change in temperature as the fluid went through the actuator. 
In fact, this change was almost null. The average change (for all tests) of the 
fluid temperature entering the actuator w,m 32OF (which is not a big difference), 
and the only test where there was a significant increase in temperature was  
Test PO37-045 where the temperature change was 86°F. (In this test, the final 
inlet temperature was  148°F - the highest in the testing sequence.) 

K. Environmental Conditions 
During testing, the TVC subsystem was exposed to changes in ambient 

conditions (i.e., changes in temperature, wind speed and direction, as well as 
weather conditions) . Among these changes; the most significrnt was ambient 
temperature. The lowest temperature recorded for any firing was  43OF while 
the highest recorded w a s  96°F. It should be noted that the subsystem was never 
exposed LO what could be called flight environment conditions, but only current 
ambient conditions. 

A brief test plan is given in Table 15 and lists typical steps in the test 
process. 
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Fiwre 1. ThruFt vector control (TVC) schcmatic. 
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TEST HYDRAULIC 
FLOW HATE Igprn) 

PO37-012 3 6  
11 6 
L2 5 
39 7 
43 2 
45 2 

Po37--015 3.7 
18.2 
31 2 
45 2 
49 5 
52 2 
55.9 

Po37 -021 3.4 
27.1 
6 9  
67.9 
68.7 
69.9 

PW7-23 3.4 
23 
46.7 
58.7 
61.6 
64.6 
67 3 
68.1 

TEST 
M37-011 

TEST 
M37-015 

TEST 
M 3 7  0?1 

TfST 
~ 0 3 7 . ~ 1 3  

T t 6 T  
PO37 24 

TEST 
m 3 7  o n  

HYDRAULIC PUMP 
OUTLET PRESSURE (wig1 

R l f i ' )  
3159 
3153 
3145 
3134 
3133 

3167 
3152 
3145 
3134 
3134 
3132 
3122 

3166 
3149 
3129 
3042 
2882 
2705 

3162 
3146 
3137 
3124 
3119 
3076 
2765 
2815 

lEST HYDRAULIC HYDRAULIC PUMP 
FLOW RATE OJTLET PRESSUkE lpsig1 

'037- 024 3.4 3159 
6 4  31f: 

23 I 3153 
47 1 3137 
58 1 3133 
62 1 3123 
65.2 31Z7 
6 8 2  3 1 2 1  
70 n 310? 
72 A 2967 

'037-026 X3 3166 
6 7  3170 

23 7 3157 
47.1 3137 
5') 3 3117 
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TABLE 3. GN2 SPIN TESTS (LOAD BANK) 

Firing No. 

1 

2 

3 

3 tests 

Firing No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

14 tests 

Test No. Date 

PO37440 11-2-7G 

PO37443 11-4-76 

PO37445 I1 -1 1-76 

Test No. 

PO37402 

PO37404 

PO3746 

PO37408 

PO37419 

PO37422 

PO37425 

PO37427 

PO37428 

PO37429 

PO 37 -030 

PO37-03 1 

PO37 -0 34 

PO37435 

- 

Date 

7-9-76 

7-15-76 

7-20-76 

7-23-76 

9-9-76 

9-14-76 

9-22-76 

9-28-76 

9-28-76 

9-28-76 

9-29-76 

9-29-76 

10-1-76 

10-6-76 

Run Duration ( 8 )  

34 

60.5 

73.5 

138 

153 

154.5 

179.5 

193 

17 

73.5 

9 

174 

151 

14 9 

1559.5 

ACTUATOR) 

Run Duration (s) 

159 

174 

153.5 

486.5 
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rABLE 5. OVERALL APU SYSTEM PERFORMANCE DURING TEST PO37433 

Time 
(4 
0-2.5 

2.5-5.0 

5-10 

10-20 

20-30 

30-40 

40-50 

50-60 

60-70 

70-80 

80-90 

90-100 

100-105 

105-1 10 

110-113 

113- 116 

116-121 

12 1-1 24 

124-127 

127-132 

132-135 

135-152 

Hydraulic Flow 
(gPm) 

0-1.2 

1.2 

3.4 

6.7 

23.3 

47.0 

53.0 

56.1 

58.8 

60.8 

62.1 

65.2 

23.8 

3.4 

23.8 

59.4 

3.4 

47,7 

59.8 

3.4 

59.1 

3.4 

Hydraulic Horsepower 

0-0.37 

0.45 

6.14 

12.61 

43.17 

85.76 

95.18 

100.74 

104.77 

108.81 

110.69 

117.07 

42.91 

6.18 

43.09 

106.08 

6.20 

86.30 

108.16 

6.21 

103.89 

6.21 
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TABLE 6. APU SYSTEM RESPONSE TO SINE WAVE 
INPVTS (TEST PO37-0421) 

Amplitude 
(in. 1 

0.2 

0.2 

0.2 

0.2 

0.16 

0.11 

0.1 

0.08 

0.07 

0.06 

0.4 

0.4 

0.38 

0.35 

0.3 

0.2 

0.14 

0.10 

0.95 

0.95 

0.95 

0.85 

0.59 

0.3 

0.3 

Frequency 
(CPS) 

0.2 

0.5 

1 

2 

4 

6 

8 

10 

12 

14 

0.2 

0.5 

1 

2 

4 

6 

8 

10 

0.2 

0.5 

1 

2 

4 

(period - 4 s) 

(period - 4 S) 

Piston Displacement 

Cycles 

1 

2 

4 

4 

4 

6 

8 

10 

12 

14 

1 

2 

4 

4 

4 

6 

8 

10 

1 

2 

4 

4 

4 

1 

1 

Note: Total actuator movement is 56.86 in. 

Slew Rate 
(in. /s) 

0.08 

0.2 

0.4 

0.8 

1.28 

1.32 

1.6 

1.6 

1.68 

1.68 

0.16 

0.4 

0.76 

1.4 

2.4 

2.4 

2.24 

2 

0.38 

0.95 

1.9 

3.4 

4.72 

2.0 

2.0 

Time 
(4 

12-18 

23-27 

29-33 

34-37 

38-40 

41-42 

14-45 

47-48 

50-51 

53-54 

56-61 

68-72 

75-79 

81-84 

85-86 

88-89 

91-92 

94-95 

100-105 

109-1 13 

116-120 

122-125 

126-127 

130-134 

139-144 
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TABLE 7. MAXIMUM AND MINIMUM TURBINE SPEED AT 
NORMAL OPERATION CONDITIONS 

Speed 
(K rpm) 

Minimum 

Average 
Hydraulic 

Speed Rand 
(percent) 

Maximum Minimum Test  No. Horsepower 

Load Bank Tests 

76.43 

76.80 

76.57 

76.78 

76.73 

75.94 

76.14 

82.64 

?5.40 

76.04 

76.66 

76.19 

~~ 

76.43 

76.21 

76.11 

76.37 

76.28 

76.51 

76.65 

69.15 

68.84 

68.15 

69.2 

68.89 

69.31 

68.79 

76.24 

68.98 

67.23 

67.45 

67.66 
- 

~~ 

69.87 

68.39 

68.30 

68.94 

69.70 

70.1 

70.05 

6.2 

6.7 

6.3 

6.6 

6.6 

5.5 

5.75 

4.8 

4.7 

5.6 

6.5 

5.8 

4 

-4.4 

-5.3 

-3.9 

-4.3 

-30 7 

-4.5 

-40 1 

4 . 2  

-6.6 

-6.3 

-6.0 

Unloaded Actuator Tests 

6.2 

5.8 

5.7 

6.1 

5.9 

6.3 

6.5 

-3.0 

-5 

-5.1 

-4.25 

-3.2 

-2. 6 

-2.7 

PO37409 

PO37-010 

PO37-011 

PO37-012 

PO37415 

PO37421 

PO37423 

PO37-024 
(110 

sped) 
percent 

PO37426 

PO37-033 

PO37 -036 

PO37 -039 

PO37-044 

PO37-046 

PO37-047 

PO37-048 

PO 37-049 

PO37-050 

PO37-051 

42.19 

44.17 

55.13 

69.62 

66.03 

71.29 

53.02 

72.37 

30.3 

27 
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TABLE 8. MAXIMUM AND MINIMUM TURBINE SPEED FOR LOAD BANK 
AND UNLOADED ACTlTA'I'OR (72 000 rpm + PERCENT) 

Type of Test 

LOA ~ l u d i  (100 pcrcent speed) 

Maximum Spccd Registcrcd 

Minimum S p e d  Registered 

~~~ ~~ 

L o d  b n k  (110 pcrccnt spccd: 
79 200 rpm i 3 percent) 

Maximum Spccd Rcgistcrcd 

Minimum Speed Registered 

Unloadcd Actuator 

Maximum Speed Rcfiistcred 

Minimum Speed Rcgietcred 

77 410 

60 100 

n3 920 

71 730 

Spccd R d  
(prrrmt) 

73.5 

-lC. 5 

G 

- 9.4 

Tcst No. 

PO37-024 

PO37424 

- 
1'037-O 5 1 

P037-O48 

Condition 

hw Iiydrwlir 
Flow Itntc 

Very High 
Ilydrauhc 
Flow Rntc 

1 . o ~  H.ydrau1ic 
Flow Hatc 

Very High 
Hydraulic 
Flow Rate 

Mild Adu:itor 
Mowment 

Scvrrc Actuator 
hlovrmcnt 

TABLE 9. COMPARISON OF VALVE OPENING TIMES SELECTED 
FROM STEADY F W W  DATA 

Test No. 

PO37 -0 12 

PO37-0 15 

PO37421 

P 0 37 -0 2 3 

PO37-024 

PO37-026 

PO37-033 

Time Valve I s  Open 
( 8 )  

0.427 

0.462 

1.687 

3.093 

1.805 

1.243 

4.414 

Hydraulic Flowrate 
(mm) 

45.2 

55.9 

67.9 

61.6 

72.8 

59.3 

G5.2 

Time 
(6) 

90-94 

80-84 

69-73 

60-64 

100-104 

50-54 

88-93 
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T A B L E  10. NUMBER OF VALVE OPENINGS FOR LOAD 
BANK AND UNLOADED ACTUATOR 

Test Number 

PO37-005 

PO37407 

P 0 37 -0 0 9 

PO37410 

PO37-011 

PO37412 

PO37413 

PO37-0 14 

PO37415 

PO37-016 

PO374 80 

PO 37-0 2 1 

PO37423 

PO37 -0 24 

PO 37 -0 2 ti 

PO37432 

PO.77-033 

P037-036 

PO37-037 

PO 37 -0 3 Y 

PO37-030 

Total 

A P U  Hot Firings with Load Bank 

Number  of Valve Openings 

3 

32 

157 

205 

2 18 

236 

2 

2 

2 14 

79 

2 

117 

I 32 

140 

238 

6 

128 

135 

3 

10 

151 

2 2.1 (i 
- 

Test Duration (s) 

4.4 

20.3 

146 

146 

146 

146 

4.3 

4.3 

3 46 

62.9 

4.3 

128 

146 

146 

239 

10 

147 

146 

11 

11 

146 

1960.5 
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TABLE 10. (Concluded) 

Load Bank Tests 

Tests with Actuator 

Total 

Test Number 

2246 1960.5 

9 87 1010.5 - 
3233 2971 

PO37441 

PO37442 

PO37444 

PO37446 

PO37447 

PO37448 

PO 37 4 4  9 

PO47450 

PO47451 

Total 

APU Hot Firings with Actuator 

Number of Vdvc  Openings 
~ ~ ~~~ 

9 

11 

127 

130 

143 

191 

136 

137 

93 

987 
- 

Test Duration ( 8 )  

11 

12.5 

146 

146 

146 

146 

146.5 

146.5 

110 

1010.5 

Test Dmation of Test (s) 
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TABLE 15. BRIEF TYPICAL TEST PLAN 

1. 

2. 

3. 

Pmfiring sequence - Time: 8:OO a.m. to 10:20 a.m. 

a. 

b. 

c. 

d. 

e. 

f. 

g- 

Set up facilities 

Record fuel level 

Service hydraulic system (as required) 

Checkout of valves and switches 

Transfer hydrazine into fuel supply module 

Check gearbox lube oil level 

Check transducers for a possible malfunction 

Firing 

Post firing procedure - 
a. Check level of contamination in the air (look for hydrazine content) 

b. Check hydrazine !eakage 

c. Check hydraulic leakage 

d. Record fuel level 

e. Record lube oil level 

f. Service facilities (the required) 

* 
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A. Fuel Consumption Analysis 

An analysis of fuel consumption was performed for predicting the fuel 
consumed under certain loads applied to the TVC subsystem. These loads con- 
sisted of specific flows (gpm) of hydraulic fluid from which certain amounts of 
power (hydraulic horsepower) were obtained. Under each load, the quantity of 
fuel consumed at a steady flow point was measured and combined wi% the flow- 
rate to obtain the fuel consumption rate. 

Different valws and curves representing the file1 consumption rate (FCR) 
were obtained for each test. From these curves, a band of curves was con- 
structed showing values for every test on which calculaticins were performed. 

The values obtained for the band of curves w e r e  always taken with steady 
hydraulic fluid flow and constant hydraulic outlet pressure. F o r  this reason, 
other tests mentioned in  the analysis (PO37436 and W37-039) were not included 
i n  the band. Similarly, certain high flowrates were never used because the 
hydraulic pump outlet pressure was never constant. 

Although a steady flow and constant pressure values were recorded for 
Test PO37-015, the FCR curve for this test was too large for the band con- 
structed. Also, some of the d u e s  recorded were not precise readings. 
Consequently, this curve was omitted from the band. 

Table A-1 lists the tests analyzed and presents the results of the analysis. 
Table A-2 presents a summary of all the FCR tests,and Table A-3 lists the maxi- 
mum and minimum points for FCR at certain values of hydraulic horsepower. 

Figure A-1 shows a band of graphs representing FCR versus hydraulic 
horsepower for the tests listed i n  Table A-1, and Figure A-2 shows the FCR 
curve for a sample test (PO37-024). 

A:; a means of predicting the fuel consumed in a period of time of a given 
test, a curve showing how the consumption of fuel varied with fuel tank pressure 
was constructed (Fig. A--3). By knowing the ini t id  pressure iiiid the change in 
pressure in  the tank, it is possible to determine the he1  consumed for the €iring. 

To aid the reader, a table of previous tests is included as an inset to 
“igure A-3. In this table the fuel consumed is compared to the corresponding 
change i n  pressure. 

50 



Figures A 4  auld A-5 aid in  the interpretation of Figure A-3. Figure A-4 
presents a rel.ition of pressure change (with time) and gallons per seconds for 
that change. The curve is divided into two parts: increasing and decreasing 
hydraulic flow. If it is known on which side of the curve the point is located, it 
is possible to determine the fuel flow at that instant. Figure A-5 presents a 
band of curves showing how the change in  pressure (per  gallon of fuel) acts at 
certain periods of time for all the tests on which Figure A-2 is based. 

The data used were taken only from tests that had pressure decay in the 
tank. Table A 4  presents a correlation of pressure decay with the tests used in  
the construction of Figures A-3, A-4, and A-5. 

B. GN2 Spin Pressure and Turbine Speed Relations 

A series of curves (Fig. A-6) was  constructed to show the relationship 
between spin pressure and turbine speed for the purpose of finding the point 
where spin pressure begins to decrease with a corresponding increase i n  turbine 
speed. Three sets of curves were drawn fo!. +!ree different flowrates: 3.3, 6.6, 
and 9.5 gpm. Each set of curves shows the point for which differences exist 
according b each flowrate. 

One curve of the set corresponds to an average curve constructed from 
a group of pretest curves, and the other is a curve obtained from one of the 
tests and considered to be the best representation of all the curves at the given 
flow. 

The following listim gives approximate values where these points are 
matched with their corresponding flowratcs: 

Hydraulic Fhwrate (gpml Turbinc Speed ( K  rpml Spin Pressure (psi& 

3.3 
6.6 
9.5 

30 
29 
26 

440 
555 
675 

The listed data were taken from the GN2 spin tests performed during the 
sequence presented in this report. However, only those curves from w-hich good 
data could be obtained were used to construct the curves shown in  Figure A-6. 
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C. Constant Flow Conditioirs 
Constant flow condition measurrments were taken from oscillographs to 

match up the values obtained in differen. asts  at similar flowrates, to determilre 
behavior of certain parameters at different flows and time, and to aid in search 
for  possible causes of aborted tests. Table A-5 presents a sample listing of the 
readings arranged according to time and 5owrate for a typical test. 

Two sets of curves showing the relation between hydraulic horsepower 
and hydraulic flowrate are included in  this appendix (Figs. A-7 and A-8). In 
Figure A-7, curves are presented showing the behavior of hydraulic flowrate 
versiis hydraulic horsepower for Tests PO37-012, 015, 021, 023, 024, 026, and 
033. Figure A-8 shows a band of the curves with an average line of values 
incluC;.? ( a  constructed line from which the value of one parameter is obtained 
by knowing the othez) . Both sets were obtained from data of several tests ai 
constant flow. In Figure 15 of this report, a set of curves is presented which 
shows the variation of the hydraulic pump outlet pressure at different 5owrates 
(each was taken at a constant flowrate) . Table A-5 presents typical behavioral 
data for a test at constant flow conditions (Test P037-026). 

D. Acttiator Displacement Analysis 
Agitation in both interface pressures [inlet (P17) and outlet (P18) ] 

occurs everytime the actuator piston position is subjected to a change. In a 
case of sine wave, this agitation has the form of an oscillatory curve where the 
maximum points for +he curve occur at the same time as the maximum and 
minimum points i n  the movement of the piston. In a case of the step function, 
agitation takes the form of a single perturbation or pulsar that takes place 
everytime the piston moves, with the maximum point of the perturbation taking 
place just before the piston stops. These varintions in pressure occur three o r  
four times in evehy step signal (depending on the numbcr of movements ordered 
for the same signal). 

Table A-6 presents generalized actuator dntn from Tests P037-046, 049, 
050, and 051 (hot firings with actuator, unloaded), and Tables A-7, A-8, A-9, 
and A-10 present detailed data from Tests PO37-046, 049, 050, and 051, 
respectively. 

For the tests with an a c c u m u l a ~ r  added, i t  was discovered that the 
agitation in the inlet pressure diminislicd. The variation hetween the maximum 
and minimum pressure was very small compared to the previous tests without 
the accumulator. 
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In the step function tests, the interface outlet pressure i n  the tests with 
the accumulator at times was larger or  smaller compared to the value obtained 
i n  the test without the accumulator. The variations in pressure again were 
small, however, and considered negligible. 

For the sine wave tests, the interface outlet pressure was higher after 
the accumvlator was added; this increase was significant i n  some cases. 
Another point to note is that i n  some of these readings, a sharp increase i n  the 
pressure band (difference in  high and low points of the pulsar) could be seen, 
and in others, where the previously mentioned increase was  slight, they were 
almost similar bands (and in  some cases even smaller) . 

Agltation in pressure is present i n  the sine wave in  almost all fre- 
quencies and amplitude for the wave indicated. The only cases where this did 
not occur were at low frequencies: 0.2, 0.5, and 1.0 cpe. However, as the 
amplitude increased, perturbations appeared; first  at 1.0 cps, then (last 
increase) at 0.5 cps. Perturbations never appeared for 0.2 cps and for the 
square wave which was added at the end of the sine wave program. 

The wors t  cases of agitation i n  pressure occurred always at 4 cps and 
6 cps. As the amplitude of the wave increased, agitation increased (for the 
same frequency) . 

In the case of the step wave, agitation occurred in a l l  the waves imposed 
and as previously mentioned, perturbation took the form of a pulsar, appearing 
everytime there was movement by the piston. 

The place of worst a t a t i o n  in this p r o p a m  was at an amplitude of 
0.85 in. (i0.425 in. movec) in a test without accumulator. 

When tb accumulator was added, a definite pattern of new initial pressure 
points could not be detected because they did not appear a t  one specific place 
(frequency or amplitude) and were scattered throughout the entire tests. But, 
these new critical points were never as critical as they were in the tests per- 
formed without the xcumulator because the pressure band was very small  in 
fie first (with accumulator) compared to that in the latter test. 

The effect of the fluid accumulator in  the previously mentioned tests is 
shown graphically in Figures A-9 through A-13. Figures A-9 and A-10 show 
a comparison between Tests PO37-046 and 051. The pressure pulses occur at 
a similar interval of timc. Because the velocity in  the oscillograph machine 
during testing was different for both tests, a difference in time span is observed. 
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However, the range is the same in  both and is the only coordinate needed when 
studying the effect mentioned. Figures A-11, A-12, 'and A-13 make the same 
comparison for Tests PO37-049 and 050; however, i n  these figures both coor- 
dinates have the same proportion, so the difference here is null. 

During the step wave test, the amount of time the inlet interface pressure 
(P17) exceeded 3750 psig in each pressure agitation ran between 0.027 and 
0.030 s, and the outlet interface pressure (P18) time exceeded 375 psig fmm 
0.006 to 0.007 s. Both were i n  a test performed without fluid accumulator. 
For the test with fluid accumulator, the inlet interface pressure never exceeded 
3750 psig and the outlet pressure exceeded 375 psig for 0.007 S. 

In the sine wave tests, the time that both the inlet and outlet interface 
pressures  exceeded 3750 psig and 375 psig, respectively, varied according to 
the frequency and amplitude to which the actuator was exposed. The usual time 
that the irilet pressure exceeded 3750 psig was approximately 0.02 to 0.03 s for 
each pressure pulse, and the outlet pressure exceeded 375 psig for 0 to 0.004 s, 
both for the test with and without fluid accumulator. The longest time period 
(0.5 s) that the inlet pressure was over 3750 psig occurred both at high fre- 
quency and large amplitude. The worst case also occurred at these conditions 
(on Test  PO37419 3t 123 to 124 s after startup) . In the tests with a fluid 
accumulator, the inlet pressure never exceeded the 3750 psig ba r r i e r  and the 
outlet pressure only exceeded the 375 psig b'lrrier for 0.002 tu 0.007 S. 
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TABLE A-1. RESULTS OF FUEL CONSUMPTION ANALYSIS 

Test No. 

PO37-021 

P 0 37 -0 23 

PO 37-0 24 

PO37-026 

PO37-033 L 

- 
gPm 

3.4 
27.1 
60.0 

3.4 
23.0 
46.7 
58.7 
61.6 
6.4 
3.4 

3.4 
6.4 
47.1 
59.1 
62.1 
6.4 
3.4 

3.3 
6.7 
23.7 
23.0 
6.7 
3.4 

6.7 
23. 3 
62.1 

Hydraulic 
Horsepower 

6.12 
48.29 
107.71 

i3.08 
40.94 
82.34 
103.97 
110.61 
11.97 
6.20 

6.03 
11.55 
84.03 
106.84 
112.19 
12.04 
6.31 

6.20 
12.67 
43.48 
43.76 
11.90 
6.00 

12.0 
42.24 
108.81 

hp -6 

30.58 
193.16 
538.56 

30.41 
204.72 
411.70 
519.83 
553.06 
59.84 
30.98 

30.13 
57.73 
420.15 
534.20 
560.95 
60.19 
31.54 

30.98 
63.36 
217.40 
218.80 
59.48 
59.98 

59.98 
211.2 
544.0 

Fuel Consumption Rate 
lbbp-h) 

25.66 
8.10 
6.20 

34.74 
8.70 
6.82 
6.33 
6.11 
18.16 
247. 28 

29.16 
16.80 
6.70 
6.30 
6.05 
18.63 
28.82 

28.47 
15.83 
8.53 
8.34 
18.40 
26.35 

16.23 
8.64 
6.20 
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TABLE A-2. SUMMARY OF ALL TESTS 

TABLE A-3. MAlDtlMtlM AND MINIMUM POINTS FOR FCR AT A 
CERTAIN VALUE OF HYDRAULIC HORSEPOWER 

hlusinium FCR 

34-71 
2i .  3 
1i.G 
12. !I 
10.4 
*. N 
7.3 
i.0 
CI. i 
I i . 6  
li.2 
6.0 

- c  
4 .  I 

hlinimum FCR 

2B.GG 
1n.4 
13.0 
10.(1 
a.9 
1.7 
7.0 
6. ti 
6.4 
(i. 3 
6.2 
6. 1 
6.0 

TABLE A-4. PRESSURE DECAY (IN THE FUEL TANK) 

Te6t With 
pressure Decay 

~ 

PO37407 
w37-00B 
w37-010 
PO37411 
P037-012 
PO37413 
W37-014 
P037-015 
PO37-016 
P037-020 
PO37421 
P037-023 
P037-024 
Po37-020 
1037-032 
Po37433 

Corrulated Tent C u m  
~~ ~ ~~ 

PO37-01 5 
PO37421 
W37-023 
PO37424 
PO37620 
W37-P33 
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TABLE A-7, ACTUATOR TEST PO37446 

Total Ach\abDr #orme* - 79.9 La 

P 
Maximum 

3575 
4000 
3550 

3925 
3550 

4175 
a4450 
a4450 

4150 
4425 
4450 

4425 
4200 
*41)00 

a4450 

a4 no0 

4350 
1300 
4300 

4325 
4300 
4300 

4325 
4 300 
4250 

4350 
4500 
4 200 

4350 
4 300 
4325 
4325 

1350 
4300 
1325 
,1325 

a4450 
4325 
4350 
4325 

4350 
4300 
4425 
1300 

4 200 

Mlnimlrm 

3150 
2wo 
3125 

2W50 
3150 

2woo 
1750 
2250 

2750 
1700 
2250 

lH75 
1200 
1375 

1825 
1075 
1350 

1175 
1075 
1150 

1125 
low 
1175 

1075 

1100 

1075 
1075 
1150 

1000 
1075 
1100 
1175 

1150 
1075 
1150 
1150 

1175 
1150 
1175 
1175 

in75 

iir,n 
ll5fI 
117.j 
1250 

P 

hhdmum 

115 
200 
115 

190 
115 

240 
3UO 
365 

235 
380 
365 

3R5 
500 
515 

400 
570 
525 

585 
060 
GGO 

570 
685 
650 

655 
655 
G55 

G55 
G55 
GGO 

660 
O B 5  
6450 
G55 

655 
655 
G60 
ti55 

GCO 
ti55 
GtiO 
ti55 

GG0 
li5G 
tili0 
680 

llnlmum 

60 
45 
65 

45 
70 

35 
20 

5 

25 
15 
5 

10 
0 
0 

5 
5 
5 

0 
0 
0 

0 
-10 
0 

-10 
-10 
-10 

-10 
- 5  
-10 

- 5  
-10 
- 5  
-10 

- 5  
- 5  
- 5  
- 5  

-10 
- 5  
- 5  
- 5  

-10 
- 5  
-10 
- 5  

P 

AmflLtudc (In. ) 

n. 1 

0.1 

0.2 

0.2 

0. 8 

0. 

1.9 

1.9 

3.775 

3.775 

5. G 

5.G 

7.G 

7.6 

m Dbplacc 

Period (a) 

4 

4 

4 

4 

1 

4 

4 

4 

4 

4 

G 

8 

I; 

l i  

!nt 

n. 727 

0.727 

1.333 

1.333 

3.2 

3.2 

5.429 

5.429 

6.292 

G. 292 

6.222 

G.222 

1. 133 

G. 333 

n m c  (I) 

13-16 
13-14 
15-16 
17-18 

24-26 
26-27 

32-55 
34-55 
35-36 

41-42 
43-44 
45-46 

50-51 
52-53 
54-55 

69-80 
61-62 
63-64 

68-09 
70-71 
72-71 

77-78 
19-80 
81-82 

R6-87 
RR-NS 
90-91 

95-96 
91-98 
9s-100 

104-105 
108-107 
108-109 
'16-111 

' !  ?13 
114-115 
116-117 

23-27 

32-56 

41-45 

50-55 

59-64 

68-73 

77-82 

R6-91 

95-100 

104-111 

112 819 

iin-iis 
120-127 

120-121 
122-123 
124-125 
126-127 

128-129 
130-131 
132-133 
134-135 

12n-195 
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TABLE A-10. ACTUATOR TEST PO37451 

Starting Points - P17 = 0 d PlR = 5 Totd hlovrment Actuator - 26.9 in. 
I I I I 

Points of interest 
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APPENDIX B 

ADDITIONAL HOT FIRINC FLOWRATE DATA 
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